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ABSTRACT 
This paper describes a method for determining the depth of machined slots simulating cracks by the 
use of Rayleigh waves. Six slots varying in depth from 0.5 mm to 3.0 mm fabricated in medium carbon 
steel have been sized using a commercially available 1.5 MHz Rayleigh wave transducer. One measurement 
using the pulse-echo method is made for determining the depth of the crack. Minima in the deconvolved 
spectra are shown to correspond to various vibration modes of the crack. A fixed-free bar vibration 
model yields acceptable results. A correlation study between various time-domain features with slot 
depth is also included. 
INTRODUCTION 
Surface-breaking cracks have been found in 
structural components in practically every indus-
try. Historically, such cracks are detected by 
visual, dye-penetrant, magnetic particle, and 
ultrasonic techniques. However, these methods 
either are incapable of yielding crack depth infor-
mation or have not been used in that mode. One 
possible solution for detecting and sizing surface-
breaking defects is by using ultrasonic Rayleigh 
waves which have several unique properties for the 
task. For example, these waves attenuate rapidly 
towards the inside of the material, and the par-
ticles at a depth greater than two wavelengths are 
practically stationary. 
Methods to size surface-breaking cracks using 
Rayleigh waves in the pulse-echo and through-trans-
mission modes have been reported by several inves-
tigators.l-5 The majority of these techniques 
were based either on time-of-flight measurement or 
spectral analysis approaches.6 Time-of-flight 
methods to determine the depth of surface cracks 
have been used by Silk, 1 Silk and Lidington, 2 and 
Hall. 3 In the pulse-echo mode, the difference 
between the time-of-arrival of the reflection from 
the crack opening and from the crack tip were uti-
lized to determine the crack depth. In the 
through-transmission mode, the total time taken by 
the Rayleigh waves to go around the crack was 
shown to be directly re 1 a ted to the depth of the 
crack provided that the crack was much deeper than 
the wavelength of" the ultrasonic waves. 7 These 
time-of-flight techniques have limitations when 
the crack depths are nearly the same magnitude as 
the wavelength of the propagating wave. In such 
cases, spectral analysis techniques have been 
emp 1 oyed. 
Burger and Singh's8 spectroscopic analysis 
using the through-transmission mode revealed that 
slots act as low pass filters for the Rayleigh 
waves. Tittman et al 9•10 related the peak fre-
quency of the reflectedRayleigh wave to the slot 
depth. They used several angular positions to 
determine the depth of the cracks. An interfer-
ence model was proposed to provide information 
regarding the length of the crack. Similarly, 
Domarkas et al 11 reported spectral techniques for 
determining the length and depth of the cracks. 
Further discussions of their analysis are 
presented in the next section. 
A simple procedure for determining the depth 
of surface-breaking cracks using one pulse-echo 
measurement and a conventional Rayleigh wave trans-
ducer is described in this paper. It is shown 
that a fixed-free bar vibration model yields 
acceptable results. A parametric study of various 
time-domain features such as pulse duration, rise 
time, and fall time is presented along with a dis-
cussion of the results. The method reported in 
this paper seems more suitable for field applica-
tion purposes than presently used approaches. 
THEORY 
Based on the experimental evidence, the inter-
action of a Rayleigh wave with a slot can be 
divided into two regimes: (1) depth of the slot 
larger than the wavelength and (2} depth of the 
slot smaller than the wavelength. For cracks with 
depths much larger than the wavelength, arrival 
time techniques have been employed.l ,2 ,3. Obvi-
ously, these techniques would be 1 imi ted to those 
cracks where crack opening and crack tip signals 
do not superimpose. - In cases where superimposed 
signals are observed, spectra 1 techniques can be 
employed to determine the crack depth. Tittman 
et al9 used the interference between the wave 
reflected from the slot opening and the slot tip 
to determine the depth of electro-discharge 
machined slots in a plate of commercial aluminum. 
They found that the interference between the two 
waves resulted in a peak in the frequency spectrum 
which is given by 
( 1) 
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where VR is the Rayleigh wave velocity, d is slot 
depth, and fd is the peak frequency corresponding 
to the depth 'd'. 
Ayter and Auld 12 presented a theoretical 
model to explain the resonances observed experimen-
tally in the frequency spectrum of the reflected 
wave. They addressed the crack as a section of 
the acoustic waveguide in which resonances are 
treated as standing waves in the length and depth 
directions. By taking both faces into considera-
tion, they explained resonances of all orders. 
The length and 'depth resonances in the frequency 
spectrum correspond to 
(2) 
(3) 
where M and N are the mode indices and f,e is the 
peak frequency corresponding to a slot of length 
't'. 
Domarkas et alll have postulated that the 
incident surface wave excites the crack to vibrate 
in the length and depth directions. When excited 
in the depth direction, the crack can be modeled 
as a fixed-free, laterally vibrating bar. The bar 
resonates when its length equals (2N - 1)A/4 where 
N is the mode of resonance. Similarly, if the 
crack tip is assumed to be the fixed end and the 
crack opening to be a free end, the crack will 
resonate when its depth equals (2N- llA/4. This 
results in absorption of energy and, therefore, 
sharp minima in the frequency spectrum of the 
reflected wave corresponding to the resonant 
frequencies. 
The frequency spectra due to such resonances 
is modulated, and one expects to observe several 
maxima and minima in the spectrum. Due to the 
limited bandwidth of the commercial transducers, 
only few modes are observed. The minima corre-
sponding to the resonant frequency are given by 
VR 
4d ( 2N - 1) (4) 
where fN is the frequency corresponding to a mini-
mum and N is the mode of resonance. 
The results due to this fixed-free, laterally 
vibrating bar model tEquation 4) are compared with 
the experimental results described in the 
following section. 
EXPERIMENTAL ANALYSIS 
An experiment was carried out on an ultra-
sonic, signal processing test bed system. A 
KB-Aerotech, UTA-III, was used as an ultrasonic 
pulser-receiver. The waveform was displayed on a 
Tektronix scope and was digitized by a Biomation 
8100 transient waveform recorder. The digitized 
waveform was then analyzed using the Data General 
Nova computer system. 
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A commercially available 9.5-mm diameter, 1.5 
MHz center frequency transducer, mounted on a shoe 
to yield Rayleigh waves, was used in this experi-
mental set. Data were acquired from a medium car-
bon steel block with six slots of uniform width 
(0.4 mm) cut across the entire width of the block. 
Depths of these slots ranged from 0.5 mm to 3.0 
mm. The difference in the depths was taken as 0,5 
mm so as to give a data base with a wide range of 
depths (maximum slot depth ~ 1.5XA center fre-
quency of the input wave). 
Figure 1 shows the frequency spectrum of the 
reflected waveforms from the six slots. The fre-
quency spectra show points of inflexion rather 
than strong expected modulations (for example 
Figs. lc and ld). These inflexion points corre-
spond to the absorption of energy as outlined pre-
viously. To magnify the inflexion points and 
derive useful information, a deconvolution proce-
dure was applied. It consisted of a complex point-
by-point division of a slot spectra with the refer-
ence spectra. In this case, the reference was 
obtained by averaging the six spectra. (Similar 
results are expected when the reference is taken 
from a sharp corner on the edge of the block.) 
Figure 2 shows results of the deconvolved spectra 
for all of the slots under consideration. Notice 
that sharp minima are observed corresponding to 
inflexion points in the frequency spectra (Fig. 
1). In almost all cases, several minima are 
observed. These minima can be shown to correspond 
to the various modes of resonance. Table 1 shows 
the calculated frequencies for different modes of 
resonance from Equation (4) and experimentally 
observed values. The useful bandwidth of the 
transducer ranges from 0.7 MHz to 2.75 MHz, and 
any other frequency is labelled as "out of fre-
quency range." 
Table 2 shows the actual depth and the depth 
calculated using Equation (4). Notice that the 
average error is 8.2 percent and that most results 
are within the experimental error bound. The 
0.5-mm slot depth yields a rather large error 
(minima in the spectra and deconvolved signal are 
not well defined). This is attributed to the slot 
depth to width ratio which, in this case, is 
approximately equal to one. The effects due to 
finite width are expected to reduce when d/w>>1. 
(The depth for the 0.5-mm slot is calculated from 
the first mode, whereas the second mode is used 
for all other slots.) If data from the 0.5-mm and 
1-mm slot are excluded due to an unacceptable d/w 
ratio, the average error for the rest of the four 
slots ranging in depth from 1.5 mm to 3 mm is 5.3 
percent. 
Observations from Fig. 2 also indicate that 
the minima corresponding to the second mode are 
the strongest. The minima corresponding to higher 
order modes are not so well defined, and some of 
them reduce to points of inflexion. The minima 
for n = 2 and n 4 are sharper than those for n = 
3. In the case of the 2.5-mm deep slot, the third 
mode of resonance expected at 1.5 MHz is not ob-
served. The reason for the weaker minima corre-
sponding to n" 3 is not yet clear. 
The experimental and theoretical results as 
shown in Table 1 are in excellent agreement. 
(Largest error= 10.6 percent and average error = 
5.1 percent for four slots 1.5 mm to 3.0 mrn.) 
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Fig. 1 Frequency Spectra of Various Slots 
(a) 
Slot Depth • 0.5 mm 
(b) 
Slot Depth • 1. 0 mm 
~n = 
(c) 
Slot Depth • 1. 5 mm 
0. 7 1.0 2.0 
Frequency (HIIz) 
2. 75 0. 7 1.0 2.0 
Frequency (MIIz) 
2. 75 o. 7 1.0 2.0 
Frequency (MIIz) 
2. 75 
{d) (e) {f) 
Slot Depth ~ 2.0 mm Slot Depth • 2. 5 mm 
~n • 
0.7 1.0 2.0 2. 75 o. 7 1.0 2.0 2. 75 0. 7 1.0 2.0 2. 75 
Frequency (MHz) Frequency (MIIz) Frequency (MIIz) 
Fig. 2 Deconvolution Results for Various Slots 
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Table 1 Calculated and Observed Frequency Minima for Various Modes of Resonance 
~eof 
esonance N = 1 
Slot ';j( Calcu-) lated Observed Depth 
0.5 1.5 1. 77 
1,0 o. 75 1.05* 
1.5 
Out of 
2.() 
Frequency 
2.5 
Range 
3.0 
N • 2 N = 3 N = 4 H • 5 
Calcu-
lated 
2.25 
1.5() 
1.125 
0.90 
0.75 
Calcu- Calcu-
Observed lated Observed 1ated 
2.55 
1.55 2.50 2./i3 
1.16 1.875 1.84* 2.625 
0.96 1.50 N.o. 2.10 
0.83 1. 25 1.14* 1. 75 
N.O. Mode not observed 
l'oint of inflexion 
Calcu-
Observed lated Observed 
Out of F:a:equency 
Range 
2.39 
2.03 2. 70 2.54 
1.69 2.25 2.15 
Table 2 Measured and Calculated Slot Depths Using d 
N = 6 
Caleu-1
4 la ted Observed 
2. 751 2.67 
Slot Depth Calculated Percentage 
Measured Resonance Slot Depth Error 
(mm) Mode (nun) 
0.5 1 0.42 16.0 
1.0 2 0.88 12.0 
1.5 2 1.45 3.3 
2.0 2 1.94 2.0 
2.5 2 2.34 6.4 
3.0 2 2.71 9.7 
Average Error 8.2% 
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The analysis presented could be very simply 
applied to field situations if the relative 
magnitude of crack sizes was known a priori. This 
would not only help select the appropriate fre-
quency transducer, but also help simplify the pro-
cedure for determining crack sizes. For example, 
higher frequency transducers should be employed 
for the sizing of shallow surface-breaking cracks. 
For the case of unknown crack depths, a broadband 
transducer is recommended. This would enable one 
to observe a number of minima. The difference in 
frequency between two corresponding minima can be 
directly related to crack depth using Equation (5). 
Table 3 shows the slot depth as calculated 
from Equation (5). The 0.5-mm slot depth could 
not be calculated since two minima are not ob-
served in the spectrum. The average error using 
this approach is about 12.3 percent. Interest-
ingly, this approach for crack sizing yields a 
larger error than the one described previously 
[Equation (4)]. 
Various time-domain features have been 
studied in order to find their correlation with 
slot depth. A linear correlation, for example, 
would be ver-v useful in implementing these tech-
niques using existing field instrumentation. 
Figure 3 shows a correlation between several time-
domain features with slot depth. Three features--
rise time, fall time, and pulse duration--are 
plotted. These features are computed from the 
normalized envelope of the signal. Rise time is 
defined as the time taken by the signal to reach 
90 percent of the peak amplitude from a 10 percent 
value. Fall time is the converse of rise time. 
Pulse duration is computed between 10 percent of 
the peak amplitude points. The results for rise 
time vs. slot depth are most interesting since 
they show a piecewise-linear relationship and 
offer a slight hope for crack sizing using simple 
measurements and conventional instrumentation. 
CONCLUSIONS 
A procedure to accurately size crack depths 
using ultrasonic Rayleigh waves was developed. 
The feasibility of the technique was demonstrated 
on slots ranging in depth from 0.5 mm to 3.0 mm. 
A single pulse-echo measurement to calculate the 
slot depth makes this technique very practical for 
field use. A fixed-free, laterally vibrating bar 
model was found suitable to obtain various minima 
observed in deconvolved spectra. Excellent 
agreement between the experiment and the proposed 
model was shown. Time features were studied in 
order to correlate them with slot depth. The 
piecewise-linear nature of the rise time encour-
ages its use for crack sizing using conventional 
means. 
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Measured Calculated 
Slot Depth (mm) Depth (mm) Percentage Error 
0.5 
1.0 1.0 0.0 
1.5 1.7 13.3 
2.0 2.46 23.0 
2.5 2.78 11.2 
3.0 3.42 14.0 
Average Error 12.3% 
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SUMMARY DISCUSSION 
Wolfgang Sachse (Cornell): I wonder, what you described is taking the signal which is transmitted past 
your slot; had you frequency analyzed that? 
Anmol Singh (Southwest Research Institute): This is reflected signal. 
Wolfgang Sachse: I wonder if you would also have done the case where you have analyzed the signal which 
is transmitted past the slot - because I suspect in this case you have observed minima to occur 
in these frequency spectra. That is the energy absorbed by the slide. Whereas, if you looked 
in the opposite direction, you would find those frequencies would have peaks in the spectrum. 
And this is very similar to some work that we described about five years ago at this meeting in 
the case of inclusions. If you look at the forward scattered signals, it's the peak in the 
spectrum, because it's radiating energy at those signals. If it's the back scatter signal. 
It's the mimina that corresponds to the resonance frequencies of your spectrum. 
An mol Singh: During this study at Southwest Research Institute we did not analyze the resonances of the 
transmitted signal. But since the resonant frequencies for a particular dept correspond to 
absorption of energy the minimas produced in scattered waves, i.e., the transmitted and 
reflected components should probably be the same. Thus it is questionable to say that the 
minimas in the reflected signal will correspond to maximas in the transmitted signal. 
While I was at Iowa State University we used dynamic photoelasticity to analyze the transmitted 
Rayleigh wave signal past a slot. A part of this work was presented by Professor C.P. Burger 
of Iowa State in the earlier paper. In that study the transmitted signal showed modulations in 
the frequency spectrum which could not be related to the depth of the slot. This is possible 
because the transmitted signal is a sum of the undercut and the cut-off Rayleigh waves as 
described in the earlier paper by Dr. Burger. Thus if we can separate the under-cut and the 
cut-off waves, and analyze each of them we may be able to relate the modulations in the spectra 
to the depth of the slot. 
James Aller (National Science Foundation): On Table II that you showed, the immediate reaction that 
have is that you have a systematic error in your measurements. So m¥ question is: is that 
possible? 
If you just added a fixed calibration number to the calculated depth, you would end up almost 
on the button. 
Anmol Singh: On which column of the figure did you go down? 
James Aller: Not the precentage, just the calculated depth column. And if I take the difference 
between calculated depth and real depth, that looks to be a straight-forward delta of 0.08. 
And m¥ question is: is that just an artifact of the table, or is it possible you have a 
systematic error? 
Anmol Singh: These is a systematic error in the calculated depth. If it was a random error, the 
calculated depth would be both greater and less than the actual depth. Here all of them are 
less than what the actual depth should be. 
James Aller: How wide was your slot? 
Anmol Singh: It was 0.04 mm. It is possible that the width affects the resonant frequencies which 
introduce a systematic error in the calculated depths. I believe with deep cracks you may not 
have this effect, which generates a systematic error. Secondly, to avoid the width effect we 
are planning to analyze the signal reflected from down steps of different depths. This will 
also confirm the hypothesis which is based on the resonances of the crack face. We want to 
study the effect of the reflected wave from these steps. In case of steps, we do not have the 
width effect as it is a plane face or down step. 
Gordon Kino (Stanford University): I have trouble reading the table from here, but as I understood the 
questioner, there is basically a constant error. It surely is just that these slots are not 
necessarily a multiple of half wavelength or quarter wavelength. There is an end effect which 
we talked about last year, and I think this year, too, which has to be taken into account. 
There is no particular reason to believe it's going to behave like an open circuit. It is 
something else. So you would expect a constant correction. 
Leonard Bond, Chairman (University College London): We have time for one more question. 
Sevig Ayter (Stanford University): One comment. You said you only made one measurement. However that 
assumes that you know the orientation of the slot. If you don't know, you will also have to 
take some other measurements, since the crack is not infinite. So you have to first determine 
the orientation and hit the crack with normal incidence. 
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Anmol Singh: We ought to have a crack, and it should be normal. 
Sevig Ayter: So you need more than one measurement to determine first the orientation of the crack, and 
then depth. 
Anmol Singh: In the structural components we know what the direction of the crack is going to be from 
the direction of the stress. 
Sevig Ayter: You mentioned an example in the actual field, so that I have to -
Anmol Singh: That's right. But what I'm saying is if we are inspecting a pipe with cracks, we know the 
direction in which cracks grow. Also, when the inspection is done, the transducer is moved in 
different directions. We look at the signal from cracks and obtain the peak response from the 
cracks. On obtaining the peak signal the transducer is placed normal to the crack. 
Leonard Bond, Chairman: I think we better draw discussion on this paper to a close and move on to the 
next paper. 
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